INTRODUCTION
Major histocompatibility complex (mHC) mol ecules present immunogenic peptides on antigen presenting cells to cytotoxic T lymphocytes and T helper cells (Davis et al., 1998) . The CD8, which is expressed in the CD8α homodimer or CD8α and CD8β heterodimer, is composed of a leader sequence, immunoglobulin superfamily V (IgSf V) domain, hinge region, transmembrane domain, and cytoplas mic tail (Zamoyska, 1994) . The CD8 and its Tcell receptor (TCR) coreceptor interact with MHC class I and β2-microglobulin during TCR-mediated MHC peptide recognition (Gao et al., 1997) .
The expression of CD8α and CD8β has been evalu ated in natural killer cells and cytotoxic T lymphocytes aBSTRaCT: We provide the first description of cloning and of structural and functional analysis of a novel variant in the chicken cluster of differentia tion 8 alpha (CD8a) family, termed the CD8α X1 (CD8α1) gene. Multiple alignments of CD8α1 with known CD8α and CD8β sequences of other species revealed relatively low conservation of AA residues involved in the specific and unique structural domains among CD8α genes. For example, cysteine residues that are involved in disulfide bonding to form the V domain are conserved. In contrast, the Olinked gly cosylation sites (XPXX motif) are not found in the chicken CD8α1 sequence, and the A β strand and com plementaritydetermining region 1 and 2 sequences are poorly conserved between chicken CD8α1 and avian CD8α. Furthermore, the alignment showed that the transmembrane regions show relatively high sequence similarity, whereas the cytoplasmic regions show relatively low similarity, indicating poor conser vation. Moreover, the motif (CXCP) that is thought to be responsible for binding the p56 lymphocyte cell kinase subunit (p56 lck ) is missing in the CD8α1 sequence. The chicken CD8α1 genomic structure is similar to that of chicken CD8α, but their protein structures differ. Phylogenetic analysis showed that chicken CD8α1 grouped with known avian CD8α sequences but was somewhat distantly related to the CD8α molecules of other species. Moreover, we ana lyzed the signal transduction and cytokine response to CD8α1 treatment to determine the specific biologi cal functions of chicken CD8α1 in immune cells. The results showed that chicken CD8α1 is a key regula tor of the expression of genes that are associated and cooperate with transcription factors in the major histocompatibility complex class I and II promoter regions and activates Janus kinase (JAK) 1/2, signal transducer and activator of transcription (STAT), and suppressor of cytokine signaling (SOCS) 1 signaling related genes. Immune cells that express functional CD8α1 induce proinflammatory cytokines as well as innate immune responses. Therefore, our data indicate that CD8α1 may have immunoregulatory activity by regulating the expression of proinflammatory or antiinflammatory cytokines via its effect on immune cells.
(CTl), respectively (de Totero et al., 1992) . The CD8 + T cells play a key role in the host response to viral, bac terial, and parasite infections such as infectious bursal disease (Rauf et al., 2011) , avian influenza (Reemers et al., 2012) , and Lactobacillus (Brisbin et al., 2012) and Eimeria maxima infection (Ren et al., 2014) .
Avian CD8 + /CD4 + T cells can be polarized into several cell subset population and their following an tigen activation ( Kaech et al., 2002) ; CD8 + T can be developed into T c 1, T c 2, and T c 17 cell populations and CD4 + T cells are differentiated into Th1, Th2, and Th17 subset populations (Woodland and Dutton, 2003) . The types of cytokines induced following T cell activation determine the path of CD4 + /CD8 + T cell differentiation (Cox et al., 2011) . Cytokines and their receptor complexes engage subunits that transduce overlapping signals via the Janus kinase (JAK)/signal transducer and activator of transcription (STAT)/ sup pressor of cytokine signaling (SOCS) pathways, and the different cytokines induce different expression of JAK/STAT/SOCS pathways (Trager et al., 2013) .
Avian CD8α chain sequences have been reported in chicken (Tregaskes et al., 1995) , duck (Kothlow et al., 2005) , turkey (Powell et al., 2009) , and Chinese goose (Zhao et al., 2013) . In zebrafish, 2 types of CD8α molecules with an AA sequence similarity of around 80% were reported (Somamoto et al., 2005) . Recently, divergence in the putative MHC class I binding site of the CD8α gene throughout evolution was identified (Hu et al., 2007) . In this paper, we describe the clon ing, characterization, overall structural and genome composition, and functional analyses of a novel CD8α variant, CD8α variant X1 (CD8α1).
maTeRIalS aND meTHODS

CloningofChickenCD8α1
Chicken RNA samples from White Leghorns used in this work were provided by the Animal Biosciences and Biotechnology Laboratory (Beltsville, MD) of the USDA ARS. All animal protocols were approved by the Institutional Animal Care and Use Committees of the Beltsville Agricultural Research Center. Total RNA was isolated from the intestinal mucosal layer of White Leghorn chickens using Trizol (Invitrogen, Carlsbad, CA) according to the manufacturer's proto col (Truong et al., 2015) . Approximately 5.0 μg of RNA was subjected to reverse transcription with the use of Oligo(dT) 18 as the primer and SuperScript II Reverse Transcriptase (Thermo Scientific Inc., Waltham, MA). For amplification of the full-length coding sequence of CD8α1, the predicted CD8α1 sequence (GenBank ac cession number XM_003641232) was identified and its primer sets were designed (Table 1) . The PCR prod ucts were purified using the QIAQuick gel Extraction Kit (QIAGEN, Hilden, Germany), subcloned into the pCR2.1TOPO vector (Invitrogen), and transformed using Escherichia coli TOP10 (Invitrogen) high-effi ciency competent cells. Through blue-white screen ing, the positive clones were picked and sequenced at Genotech (Daejeon, Republic of Korea).
ChickenCD8α1RecombinantProtein
Expression in escherichia coli
The pCR2.1-TOPO vector/chicken CD8α1 was digested with endonucleases EcoRI and HindIII (Promega Corporation, Madison, WI), purified from an agarose gel using QIAQuick gel Extraction Kit (QIAGEN), and ligated into the pET32a E. coli ex pression vector (Novagen, Cambridge, MA). After transformation into E. coli BL21 (Invitrogen), the transformants were screened and sequenced. Bacteria were incubated at 37°C overnight on a rotating shaker at 250 rpm in 2XY media (16 g of tryptone, 10 g of yeast extract, and 5 g of NaCl per liter) and induced by 1 mM isopropyl β-d-1-thiogalactopyranoside (USB Corporation, Cleveland, OH). The bacteria were pel leted by centrifugation at 3,500 × g for 30 min at 4°C. The supernatant was removed and the pellet was treated with BPER Bacterial Protein Extraction (Thermo Scientific Inc.) according to the manufac turer's instructions. Recombinant chicken CD8α1 was purified using HisPur Cobalt Resin (Thermo Scientific Inc.) according to the manufacturer's instructions. The purified protein was concentrated and buffered by ul trafiltration using a 3,000-molecular weight cut-off membrane (Amicon Ultra15 Centrifugal Filter Unit; EMD Millipore, Temecula, CA). The samples were dialyzed in PBS (pH 7.2) using SnakeSkin Dialysis Tubing (Thermo Scientific Inc.) overnight with stir ring and checked by SDSPAGE.
Isolation of CD4 + and CD8 + T cells
The spleens were collected from 4 to 5wkold diseasefree Ross chickens (Longenecker's Hatchery, Elizabethtown, PA). Total cells were strained through a cell strainer (70 μm mesh size; Thermo Scientific Inc.) into a 50mL tube. The CD4 + and CD8 + cells were isolated using the magnetic BD IMag Cell Separation System according to the manufacturer's instructions (BD Biosciences, San Jose, CA) as de scribed by Hong et al. (2006) . Briefly, the cell con centration was adjusted to 2 × 107/mL, and appro priate amounts of antiCD4 or antiCD8 monoclonal antibodies (LifeSpan BioSciences Inc., Seattle, WA) 
Cell Culture
The chicken DT40 B cell (Winding and Berchtold, 2001 ) and CU91 T cell lines (Schat et al., 1992) were grown in DMEM containing 100 IU/mL penicillin and 100 mg/mL streptomycin (SigmaAldrich, St. Louis, MO) and 10% FBS in a humidified 5% CO 2 atmo sphere at 41°C.
InVitroBiologicalFunctionAnalysis
The immune cells were cultured at 2 × 10 6 cells/well in 6-well plates (Thermo Scientific Inc.) and treated with the medium alone and 200 ng/mL chicken CD8α1. This CD8α1 concentration was based on pilot experiments, demonstrating a significantly greater effect of 200 ng/ mL CD8α1 for the activation of certain kinases com pared with lower concentrations. We used timecourse gene expression profiles collected at several time points (20, 40, and 60 min) after CD8α1 stimulation in the CU91 T cell line, DT40 B cell line, and CD4 + and CD8 + T cells. After treatment, the cells were collected for 2 experiments: 1) Total RNA was extracted from the cells using TRizol reagent (Invitrogen) as described by Hong et al. (2012) and (2) the cells were solubilized in Cell Extraction Buffer (Invitrogen) for 30 min and the lysates were cleared by centrifugation at 13,000 × g for 10 min at 4°C. The protein concentration of each sample was quantified by the Bradford method (Ku et al., 2013) .
Western Blotting
The proteins (100 ng/μL) were separated by SDS-PAGE and then transferred onto a polyvinylidene difluo ride membrane (Invitrogen) using iBlot Gel Transfer Device (Invitrogen). The polyvinylidene difluoride membrane was blocked with PBS with 0.05% Tween 20 containing 5% nonfat milk and incubated overnight with the primary antibody, including antiJAK3, anti SOCS1, antiSTAT1, antiSTAT3 (SigmaAldrich), or antiJAK1 (EMD Millipore), at 4°C and washed 3 times in PBS with 0.05% Tween 20. The membranes were fur ther incubated with horseradish peroxidaseconjugated secondary antibodies (Promega Corporation) for 1 h at room temperature. Immunoreactive bands were detected using Western Lightning PlusECL substrate (Thermo Scientific Inc.) following the supplier's instructions.
Immunocytochemistry
Immune cells were cultured in a chamber slide (Thermo Scientific Inc.) with or without 200 ng/mL of chicken CD8α1 for 1 h in a humidified 5% CO 2 atmo sphere at 41°C. Then, the cells were fixed in 4% parafor maldehyde/PBS pH 7.4 for 15 min at room temperature and further incubated with PBS containing 0.25% Triton X100 (SigmaAldrich) for 10 min at room tempera ture. Next, the cells were blocked with blocking buffer (Thermo Scientific Inc.) for 45 min at room temperature. Following incubation with the primary antibody, includ ing antiJAK3, antiSOCS1, anti STAT1, antiSTAT3 (SigmaAldrich), or antiJAK1 (EMD Millipore), over night at 4°C, the cells were incubated with the Alexa Fluor 488conjugated secondary antibody (Invitrogen) for 1 h at room temperature and stained with 4′,6-di amidino2phenylindole (Invitrogen) for 5 min at room temperature. Finally, the images were captured by an EVOS FLoid Cell Imaging Station (Invitrogen).
Gene Expression
To analyze the transcripts of various cytokines in re sponse to CD8α1 treatment, primers were designed us ing Lasergene software (DNASTAR Inc., Madison, WI; (Livak and Schmittgen, 2001 ) after normalization to GAPDH. All qRT PCR were performed in triplicate.
Bioinformatics Analysis
Protein identification was conducted using the Expert Protein Analysis System (ExPASy; http://web.expasy.org/ findmod/; accessed Nov. 25, 2015) . The transmembrane domain and cytoplasmic regions were predicted based on protein hydrophobicity analysis using the Kyte-Doolittle scale (http://web.expasy.org/protscale/; accessed Nov. 25, 2015) . Signal peptides, transcription factor, glycosylation, and binding of peptides to MHC class motifs were pre dicted using Multiple sequence alignments were performed using Lasergene software (DNASTAR Inc.). A phylogenetic tree was constructed using the neighborjoining method with a bootstrap value of 1,000 in the MEGA4 program (http://www.megasoftware.net/mega4; accessed Nov. 25, 2015) . The animal species and nucleotide sequences used for the alignment and phylogenetic tree construction are given in Table 1 . As a suitable template for the CD8 fami ly genes in chicken and the extracellular domain structure of other species, MHC class I histocompatibility antigen α-chain protein (http://www.rcsb.org/pdb/home/home. do; Protein Data Bank [PDB] ID: 1AKJ) was identified by a basic local alignment search tool (BLAST) search as implemented in the SWISSMODEL Protein Modeling Server (http://swissmodel.expasy.org/; accessed Nov. 25, 2015) , and the automatic sequence alignment obtained was used for homology modeling. Threedimensional (3D) model structures for the chicken CD8 family were obtained with Phyre 2 software, as described by Kelley and Sternberg (2009) .
Statistical Analysis
Statistical analysis was performed using IBM SPSS software (SPSS 21.0 for Windows; IBM, Chicago, IL). A Pvalue < 0.05 was considered to be statistically significant. The results are expressed as mean values ± SEM at 3 independent experiments for each group (n = 3) and were compared between groups using the Duncan's multicomparison method.
ReSUlTS
IdentificationofChickenCD8α1cDNA
In our previous study (Truong et al., 2015) , we de tected 29,998 mRNA transcripts with 15,418 novel gene expression patterns in the intestinal mucosa of Marek's disease-resistant line 6.3 and susceptible line 7.2 us ing RNAsequencing. We mapped these results against the reference genome and discovered a new CD8α-like chain gene (named CD8α variant X1, or CD8α1), which was expressed in chicken line 6.3 and line 7.2 with 3,326 and 0 read numbers (fragments per kilobase of tran script per million mapped reads). However, we did not detect CD8α1 gene expression in the control group. To clarify the evolutionary relationship between chicken CD8α1, CD8α, and CD8β and between chicken CD8α1 to CD8 genes of other species, alignment and phyloge netic analysis based on nucleotide and AA sequences was conducted using the MEGA4 program (http://www. megasoftware.net/mega4/mega41.html; accessed Nov. 25, 2015) , and the results are shown in Supplemental Fig.  S1 (see the online version of the article at http://journalo fanimalscience.org). The CD8α nucleotide sequences were subdivided into mammals, birds, and fish groups. Moreover, the results showed that avian CD8α was subdivided into 2 monophyletic lineages, characteristic between fowl and waterfowl, that came from nucleo tide and AA sequences. Chicken CD8α1 was located in a monophyletic group distinct from chicken CD8α and CD8β. Chicken CD8α1 was located in the same over all cluster as chicken CD8α and CD8β but in a distinct monophyletic group. Comparison of the nucleotide and AA sequences of CD8α1 with those of chicken CD8α and CD8β showed 47.5 and 38.9% nucleotide identity and 61.3 and 34.4% AA identity, respectively (Table 2) . Moreover, comparison of chicken CD8α1 with CD8α and CD8β of mammals and fish showed AA identities of approximately 16 to 29%, 24% for CD8α and 27 to 29% for CD8β. In contrast, the AA and nucleotide identities of CD8α1 to avian CD8α were approximately 49 to 58% and 45 to 67%, respectively (Table 2 ).
StructuralAnalysisofCD8α1
The overall sequence identity between the cloned CD8α1 cDNA and genomic sequences in the National Center for Biotechnology Information chicken genomic library (located in chromosome 4; symbol: LOC100857906, update August 27, 2015; https://www. ncbi.nlm.nih.gov/gene/100857906; accessed Nov. 25, 2016) was almost 100%. The chicken CD8α1 gene shares a 6 exon-intron structure with the CD8α genes of chickens and a 5 exon-intron structure with the CD8β genes of chickens. Exon 1 encodes the 5′ untranslated region and the majority of the predicted hydrophobic leader sequence, whereas exons 2 through 5 encode the majority of the IgSf Vlike domain, membrane proxi mal hinge region, hydrophobic transmembrane region, and cytoplasmic domain (Supplemental Fig. S21 ; see the online version of the article at http://journalofani malscience.org). The numbers of AA residues encoded by each of exons 1 through 6 of the chicken CD8α1 and CD8α genes were not similar. Similar to the chicken CD8β gene, the structure of chicken CD8α1 is encoded by exons 1 through 5 and not exon 6. By contrast, in chicken CD8α, exon 1 encodes most of the AA residues, including the signal peptide or leader, single extracel lular IgSF V domain, membraneproximal hinge region, transmembrane domain, and cytoplasmic tail ( Fig. 1 ; Supplemental Fig. S21 [see the online version of the article at http://journalofanimalscience.org]).
Amino acid alignment was performed using the CD8α and CD8β AA sequences of birds, mammals, and fish and compared with those of chicken CD8α1 to evaluate the conservation of residues and domains in CD8α among species and to CD8β from chicken (Fig. 1) . Alignment of the mature proteins revealed an average of approximately 30% identity across this diverse group of mammalian and chicken CD8β, and the mature protein of chicken CD8α1 showed approximately 60% identity to avian CD8α ( Table 2) . Conceptual translation of the open reading frame showed that chicken CD8α1 pro tein encodes by 245 AA, including a 27AA signal pep tide, 117AA single extracellular IgSF V domain, 71AA membraneproximal hinge region, 23AA transmem brane region, and 8AA positively charged cytoplasmic tail ( Fig. 1; Supplemental Fig. S21 [see the online ver sion of the article at http://journalofanimalscience.org]).
Signal Peptide or Leader. The signal peptide of chicken CD8α1 is composed of 27 AA, which is lon ger than that of avian CD8α. Moreover, alignment of the mature protein revealed approximately 78% iden tity with avian CD8α and approximately 29% identity with human CD8α and chicken CD8β (Fig. 1) .
The Extracellular Variable and Hinge Domains. The unusual C 22 /C 33 bond is not found in the crystal structure of human and mouse CD8α, although C 33 is indeed present within the human and mouse sequences (Leahy et al., 1992) . The cysteine residues (human C 22 / C 94 ) involved in the canonical disulfide bonding to form the V domain are absolutely conserved, but, as previ ously reported for chicken CD8α, an additional internal cysteine residue (C 33 ) responsible for the unique intra domain disulfide bond found in mice and rats is absent in chicken (Tregaskes et al., 1995) . Similar to chicken CD8α, the additional internal cysteine residue (C 33 ) is missing and the cysteine residues C 22 /C 94 involved in the canonical disulfide bonding to form the V domain are absolutely conserved in chicken CD8α1 (Fig. 1) .
CD8α associates with MHC class I-peptide-β 2 m complexes via the A/B β strands and complementaritydetermining region (CDR) found within the IgSf V do main. The A β strand was found to be poorly conserved between chicken CD8α1 and avian CD8α, whereas the B β strand displayed a higher level of similarity among the vertebrates. In addition, the putative CDR1 and 2 are highly variable, whereas CDR3 essentially con tains residues with either nonpolar or uncharged polar side chains. Moreover, comparison of CDR of avian CD8α and chicken CD8α1 showed that CDR1 and 2 were poorly conserved, whereas CDR3 showed a higher level of similarity between the 2 avian genes (Fig. 1) . In addition, the diglycine bulge (FGXG) motif is very im portant in the CD8β gene, which enables specific inter action between the TCR and a composite antigen in the form of an epitopic peptide bound between the poly morphic α1 and α2 helices of an MHC class I molecule (Sun et al., 1995) . The diglycine bulge (GXG) found in the G strand of CD8β is missing in all CD8α strands, in cluding CD8α1 (Fig. 1) . CD8α and CD8β show conser vation for these 2 canonical residues (human C 143/160 ), but the C 143 residue is lacking in chicken CD8α1 (C 143 → E 143 ), suggesting that chicken CD8α1 is not capable of dimerization (Fig. 1) . In addition, this region of the Olinked glycosylation sites (Classon et al., 1992 ; XPXX; glycosylated if X is an S or T) along with the proline residues are thought to maintain the hinge in an extended configuration (Classon et al., 1992) and to re pel it from the membrane surface, thus allowing CD8α to reach the α2 and α3 domains of MHC class I (Leahy et al., 1992) . This basic scheme has been well preserved during evolution, because the chicken hinge region, like that of other vertebrates, is also rich in serine, proline, and threonine residues that constitute several of the Olinked glycosylation sites (T117, T121, T127, and possibly A142). However, there are no Nlinked glyco sylation sites in the chicken CD8α1 sequence (Fig. 1) . Transmembrane and Cytoplasmic Domains. Overall, the CD8α transmembrane domain (23 AA) showed a high level of identity to chicken CD8α and CD8α1 (approximately 52.17%), in which the WAPL (AA 165-168) sequence motif is replaced by the WVNL sequence motif. In the cytoplasmic domain, the motif CXCP is more important to CD8α, which is thought to be responsible for binding the p56 lymphocyte cell kinase subunit (p56 lCK ; Turner et al., 1990) . Chickens show a variant of this motif (CXCK) at the same location within the alignment, but this motif is missing in the chicken CD8α1 sequence. Moreover, the cytoplasmic tail has 8 AA, and 5 of these were found to be changed in compari son with the chicken CD8α sequence (Fig. 1) .
Modeling of the Three-Dimensional Structure
Multiple alignments were restricted to the immu noglobulinlike domain, for which it was possible to create a 3D model using the human 3D structure as a template. Starting from this alignment, structural models were created for the IgSf Vlike domain in chicken CD8α, CD8α1, and CD8β. The most reliable structure was chosen by evaluating the stereochemical quality of the models. The final model has been de posited in the PDB and was accepted with PDB code 1AKJ. Supplemental Fig. S3 (see the online version of the article at http://journalofanimalscience.org) shows the model with the secondary structure topology for chicken CD8α, CD8α1, and CD8β. Major histocom patibility complex class I histocompatibility antigen Figure 1 . Alignment of the predicted chicken CD8α1 AA sequence with other known CD8α and chicken CD8β molecules. Alignment was performed using the DANSTAR program (DNASTAR Inc., Madison, WI). Regions corresponding to the putative leader, immunoglobulin superfamily V (IgSf V) do main, hinge, transmembrane, and cytoplasmic areas are shown in the box above the sequences, as defined based on the human crystal structure of CD8α. The complementaritydetermining regions (CDR) involved in major histocompatibility complex class I contact are underlined in all sequences in relation to those of the human reference. Amino acids in β strands are shown in green and those in the α-helix are boxed. The labels indicate the β strands and CDR loops. α chain showed 22.7% sequence identity with CD8α1 and was, therefore, determined to be the best template for model construction. Overall, the 3D structure of chicken CD8α1 proteins by homology modeling was similar to the 3D structures of MHC class I histocom patibility antigen α chain, in which the N-terminal do mains has a β-propeller module that is composed of 4 antiparallel β strands and 4 parallel β strands whereas the C-terminal domain is composed of α helices mod ule (Supplemental Fig. S3 ; see the online version of the article at http://journalofanimalscience.org). The comparison of secondary structures suggested that all β strands in this region are well conserved among species, although some slight differences can be ob served (unpublished data). The predicted predominant β-architecture of CD8α1 suggests that the β-propeller module may be very important for structural and/or functional aspects (Chaudhuri et al., 2008) .
ChickenCD8α1RecombinantProteinProduction
When the chicken CD8α1 cDNA was subcloned into the pET32a(+) vector, expressed in E. coli, and purified by HisPur Cobalt chromatography by virtue of its polyhistidine tag, a single protein band with an ap parent molecular mass of approximately 47.5 kDa was observed (Supplemental Fig. S4 ; see the online version of the article at http://journalofanimalscience.org). The increased size compared with the predicted 27.5 kDa was due to the presence of 3 epitope tags (polyhistidine, Sprotein, and thioredoxin) in the recombinant protein that were encoded by the plasmid vector.
ChickenCD8α1ProteinInducesMajor
Histocompatibility Complex Class I and II Genes
To evaluate the expression of MHC family genes under stimulation with recombinant CD8α1, qRT-PCR analysis for MHC class I (BF-I, BF-IV, and HLA-A) and MHC class II (BLA, HLA-DQBL, and HLA-DRA) genes was performed (Table 1) , and the results for CD8 + T cells are shown in Fig. 2 . The expression levels of MHC class I and II genes were increased in CD8 + T cells as well as in the T cell line, B cell line, and CD4 + T cells (Supplemental Fig. S5 ; see the online version of the article at http://journalofanimalscience. org) and reached a maximum level after 60 min of stimulation with CD8α1 protein. In particular, BF-I, BF-IV, and HLA-A mRNA levels were strongly in creased in CD8 + T cells, by 8.43, 6.53, and 7.30fold, respectively (Fig. 2) . Furthermore, the expression of MHC class II genes was also upregulated in all of the immune cells tested following treatment with CD8α1 protein ( Fig. 2; Supplemental Fig. S5 [see the online version of the article at http://journalofanimalscience. org]); BLA, HLA-DQBL, and HLA-DRA mRNA was strongly upregulated in CD8 + T cells by 5.72, 4.43 , and 9.09fold, respectively, after 60 min of stimula tion with CD8α1 protein. These results indicated that chicken CD8α1 regulates the expression of MHC class I and II molecules in all of the immune cells tested.
ChickenCD8α1Protein
Induces Intracellular Signaling
To elucidate the effect of CD8α1 on signaling path ways, the JAK/STAT signaling pathway was examined. To investigate the intracellular mechanisms of the ef fects of chicken CD8α1 on immune cells (T cell line, B cell line, CD4 + cells, and CD8 + cells), the cells were treated with CD8α1 protein (200 ng/mL) and evalu ated at various time points. The expression of JAK1/3 proteins was observed after 20 min of stimulation with CD8α1 protein and remained for at least 60 min, as de termined by western blotting. Moreover, qRTPCR con firmed JAK1/3 mRNA expression in all of the cells tested ( Fig. 3; Supplemental Fig. S6 [see the online version of the article at http://journalofanimalscience.org]). Overall, JAK1 mRNA and protein expression levels were higher in the T cell line, B cell line, and CD8 + T cells than in CD4 + T cells after 60 min of stimulation with CD8α1. Specifically, the expression of JAK1 mRNA was drasti cally upregulated in CD8 + T cells, by 12.21fold, but was only slightly upregulated in CD4 + T cells, by 4.14fold. In contrast, JAK3 mRNA and protein were more highly expressed in the T cell line (6.74fold), B cell line (8.17 fold), and CD4 + T cells (7.09fold) compared with those observed in CD8 + T cells (4.93fold; Fig. 3) .
Associations between STAT and JAK proteins have been shown to be triggered by cytokines (Decker and Meinke, 1997) . Given that STAT1 and STAT3 proteins are required for maximal transcriptional activation (Uddin and Platanias, 2004) , we decided to explore the ability of the chimeric peptide to induce both STAT. STAT1/3 protein expression levels were increased in all immune cells following exposure to CD8α1 protein (Fig. 3) . STAT1 and STAT3 mRNA levels were more strongly upregulated in the B cell line, by 10.10fold and 9.40fold, respectively, compared with the other immune cells (i.e., T cell line, CD4 + T cells, and CD8 + T cells; Fig. 3; Supplemental Fig. S6 [see the online ver sion of the article at http://journalofanimalscience.org]).
The effects of chicken CD8α1 on SOCS1 protein and mRNA expression were assessed by western blot and qRTPCR analysis, respectively, in the immune cells (T cell line, B cell line, CD4+ cells, and CD8 + cells; Fig. 3; Supplemental Fig. S6 [see the online version of the article at http://journalofanimalscience.org]). Taken together, these results indicated that SOCS1 is constitu tively expressed in cell types tested. Specifically, SOCS1 protein was evident after 20 min of treatment with CD8α1 protein. Moreover, qRT-PCR analysis showed the strong upregulation of SOCS1 mRNA following stimulation of CD8α1 protein in cells tested. In particu lar, the expression of SOCS1 mRNA was more strongly upregulated in the T and B cell lines, by 8.59 and 8.33 fold, respectively, compared with the other cell types (CD4 + and CD8 + T cells). Previous studies showed that transformed cells expressed larger diversity of genes, with gene expression patterns markedly upregulated compared with resting cells because of the involvement of different pathways in the antigenpresenting cell (Chtanova et al., 2005; Weng et al., 2012) . Therefore, the differences in gene expression for the CU91 T cell line, DT40 B cell line, and CD4 + and CD8 + T cells may result from disparities in the efficiency of antigen pre sentation via the MHC class I and II pathways on CD8α1 treatment (Ribas et al., 2000; Qi et al., 2012) .
To visualize the activated JAK/STAT/SOCS pro teins in the cells, immunocytochemical staining was performed using fluorescent-conjugated antibodies. The localizations of JAK/STAT/SOCS proteins are shown for the all immune cells tested ( Fig. 4 ; Supplemental were strongly increased in the nucleus or cytoplasm af ter induction of CD8α1 protein compared with untreat ed cells. These results suggested that CD8α1 regulates the expression and subcellular localization of JAK1/3, STAT1/3, and SOCS1, resulting in the activation of these signaling molecules and associated pathways.
ChickenCD8α1ProteinStimulatestheExpression of Cytokine Genes in Immune Cells
Quantitative reverse transcriptionPCR was per formed to quantify the expression levels of cytokine genes in the immune cells in response to CD8α1 treatment. The mRNA expression levels of genes encoding cytokines and chemokines in CD8α1-treated and untreated CD8 + T cells, T cell line, B cell line, and CD4 + T cells are shown in Fig. 5 and Supplemental Fig. S8 (see the online version of the article at http://journalofanimalscience.org). When CD8 + T cells were co-cultured with CD8α1, the expres sion levels of cytokines and chemokines kinetically in creased. In particular, the Th1type cytokines, including IL-15, , and interferon (IFN)-γ, significantly increased in all immune cells. The expression of Th1 cytokines were significantly increased in CD8 + T cells compared with the other immune cell types (Fig. 5) . The effects of CD8α1 on the regulatory or anti-inflammatory cytokines, including IL10, transforming growth factor (TGF)-β4, and lipopolysaccharide-induced tumor ne crosis factor-α factor (lITaF), were also examined. The LITAF mRNA level was strongly upregulated in CD8 + T cells by 22.59fold, whereas the expression levels of T regulatory (Treg) cytokines such as TGF-β4 and IL-10 showed similar patterns among all treated immune cells. On the other hand, the mRNA expression level of the Th2 cytokine IL4 was strongly increased in CD8 + T cells, by 14.60fold. Moreover, Th 17 -type cytokine genes, includ ing IL-17A and IL-17F, were also highly expressed in the T cell line (15.04 and 17.44fold increase), CD4 + T cells (13.56 and 11.33fold increase), CD8 + T cells (14.73 and 12.66fold increase) , and the B cell line (6.13 and 10.67-fold increase) after treatment with CD8α1 ( Fig. 5 ; Supplemental Fig. S8 [see the online version of the ar ticle at http://journalofanimalscience.org]).
CD8α1 also induced a huge increase in the mRNA level of the genes encoding cytokines involved in Th1 cell recruitment, including CXCchemokine ligand 13 and 14 (CXCL13 and CXCL14), by 15.37 and 16.74fold, respectively, and CCchemokine ligand 4 (CCL4) and CCL5, by 11.85 and 13.06fold, respectively, in CD8 + T cells, as in other immune cells ( Fig. 5; Supplemental Fig.  S8 [see the online version of the article at http://journalo fanimalscience.org]). Collectively, these results demon strate that CD8α1 induced the expression of proinflam matory and inflammatory cytokines, regulatory cytokines, and chemokines on all CD8α1 treated immune cells.
DISCUSSION
Cellmediated recognition responses play pivotal roles for host defense against pathogens. In this study, we described the cloning and function of CD8α1, a subtype of chicken CD8α, and CD8α1-induced regulatory genes.
Comparison of the CD8α1 sequence with those of CD8α and CD8β in chicken and other species indicated evolu tionary conservation of basic CD8α1 molecule structure. Analysis of the phylogenetic tree, generated using AA and nucleotide sequences, showed a relatively distant relation ship between chicken CD8α1 and CD8α/CD8β sequenc es from chicken and other species. The bootstrapped tree was divided into 3 different branches: one containing the fish sequences, one containing the mammalian molecules, and the third containing the avian counterparts.
Signal peptides play an important role in protein tar geting and protein translocation in both prokaryotic and eukaryotic cells (Choo et al., 2005) . Recently, Jiang et al. (2011) demonstrated that the AA of the extended signal peptide of the EmaA gene are required for protein sta bility in the cytoplasm and the proper assembly of the monomers to form a functional adhesin. Our results sug gest that chicken CD8α1 may have a larger surface than CD8α for binding to the cell membrane. Furthermore, the immunoglobulin superfamily (IgSf) variable region of CD8α mediates the binding of CD8 with the α2 and α3 domains of MHC class I molecules (Sun et al., 1995) . In chickens, there are 3 allelic variants of CD8α, and the majority of AA replacements are found within the CDR. Comparison of the mature protein sequence in the CDR of avian CD8α and CD8α1 showed that CDR1 and 2 are poorly conserved, whereas CDR3 sequences showed a relatively high level of similarity (Fig. 1) . On the other hand, the A β strand was found to be poorly conserved in the comparison of chicken CD8α1 with avian CD8α, whereas the B β strand showed a higher level of simi larity among the vertebrates (Fig. 1) . Furthermore, one notable difference was that most of the cysteine residues at 20, 40, and 60 min after treatment with 200 ng/mL of chicken CD8α1. Data are presented as the mean ± SEM of 3 independent experiments (*P < 0.05, **P < 0.01, and ***P < 0.001).
were found to be present in all CD8α sequences, but an additional cysteine residue in the IgSf V domain was found only in mammals, and the second cysteine of the CXCP motif in the cytoplasmic tail, which is responsible for p56 lck binding in mammals and is critical for CD8α association, was lacking in the chicken CD8α1 sequence. The presence of p56 lck in CD8 leads to the subsequent phosphorylation of the TCR by lymphocyte cell kinase subunit (lck) on class I interaction in higher vertebrates ( Veillette et al., 2010) . In chicken CD8α, the p56 lck motif deviates slightly from the consensus sequence, and co immunoprecipitation kinase assays led to the identifica tion of a chicken p56 lck homolog that associates with the cytoplasmic tail of chicken CD8α (Veillette et al., 2010) . The wide variability found within both the A/B strands and CDR between CD8α1 and CD8α in chicken and other species likely determines the species-specific in teraction of CD8α1 and MHC class I molecules. Finally, MHC class II (DRA/β I41-T55) and β-domain 1 (posi tion T 57 -D 104 ) have been shown to bind with CD4 in chicken (Brogdon et al., 1998; Koskinen et al., 1999) . Comparison of the motif in the domain 1 among chicken CD4, CD8α1, and CD8α genes showed that the highly conserved sequences between the CD4 and CD8α1 genes and between the CD4 and CD8α genes were dif ferent (Supplemental Fig. S22 ; see the online version of the article at http://journalofanimalscience.org). Based on these, we propose a model for the molecular interac tion of CD8α1 with MHC class II genes in which both the A/β-strain and β 1 domains of class II interact with the amino-terminal Ig-like domains of CD8α1.
The MHC is a large genomic region that encodes highly polymorphic polypeptides, which serve the im mune system as peptide receptors. The MHC is an im portant genomic region in the adaptive immune response. The expression levels of MHC class I (BF-I, BF-IV, and HLA-A) and MHC class II (BLA, HLA-DQBL, and HLA-DRA) genes were high in all of the immune cells tested following CD8α1 stimulation. Similar to CD8, which functions as an immunoregulatory molecule for T cell ac tivity (Demaria and Bushkin, 1993) , these results suggest that CD8α1 may be an immunoregulatory molecule, with the main role of regulating the expression of proinflam matory or anti-inflammatory cytokines via regulation of CD8 + T cells. The BLA gene is located in the MHC class II α region, which plays an important regulatory role for the surface expression of antigenpresenting cells and is responsible for the presentation of exogenous antigens to CD4 + T cells (Luhtala et al., 1997) . Given the observed transactivation of MHC class I and II genes, CD8α1 may be exclusively associated with the promoters of MHC class I and II proteins. Because MHC class I and II pro teins are crucial for the activation of CD8 + and CD4 + T cells, respectively, our results suggest that CD8α1 may play an important role in the immune response against viral and bacterial infections.
To gain a deeper understanding of the intracellular signal transduction pathways initiated by CD8α1, the effect of CD8α1 on the expression of immune-related genes was evaluated. In particular, the effect of CD8α1 treatment on the JAK/STAT/SOCS signaling pathways was tested in immune cells (T cell line, B cell line, CD4 + T cells, and CD8 + T cells), as it was previously report ed that this pathway plays a crucial role for mediating the biological responses induced by many cytokines (Finbloom and Larner, 1995) . The selective usage of members of the JAK and STAT families by a given cy tokine receptor is considered to be responsible for the specificity of cytokine action. Moreover, MHC class I and II molecules are important for the immune recog nition in antigen stimulation as well as for cell devel opment. Major histocompatibility complex class I and II molecules are constitutively expressed but are highly expressed by cytokines, whose processes are dependent on the STAT family (Kamiya et al., 2004) . We used qRT PCR, western blot, and immunocytochemical analysis to determine the response of MHC class I and II genes to CD8α1 stimulation and found that CD8α1 activated JAK1/3, STAT1/3, and SOCS1 in all of the immune cells tested. These results clearly indicate that JAK/STAT is Figure 5 . Chicken CD8α1-induced expression of cytokine genes in CD8 + T cells was detected by quantitative reverse transcriptionPCR. Data are presented as the mean ± SEM of 3 independent experiments (*P < 0.05; **P < 0.01; ***P < 0.001) one of the major pathways used by CD8α1, as evidenced by the rapid stimulation of the JAK proteins (JAK1 and 3), STAT proteins (STAT1 and 3), and SOCS1 protein.
Furthermore, an increase in these molecules was ob served as early as 20 min of stimulation in all of the cells tested. Therefore, CD8α1 activation of JAK leads to the induction of several STAT proteins, which form homodi mers or heterodimers that translocate to the nucleus and, in turn, regulate the transcription of CD8α1-stimulated genes. Janus kinase/STAT proteins are transcriptional factors responsible for transmitting messages from the cell surface to the nucleus, which modulates gene expres sion. The JAK/STAT signaling pathway is also activated by many cytokines and growth factors such as IL-1β (Saleh et al., 2013) , IL-2, and IL-12 (Nagy et al., 2013) ; IL-4 and IL-13 (Haque et al., 1998) ; IL-6 (Heinrich et al., 1998) ; IL-15 (Shenoy et al., 2014) ; IL-17 (Kamiya et al., 2004) ; IFN-α (Berenson et al., 2004) ; IL-22 (Wolk et al., 2011); IL-10 (Nagalakshmi et al., 2004) ; IL-26 (O'Sullivan et al., 2007) ; granulocyte colony stimulating factor (Shimoda et al., 1997) ; and granulocyte macro phage colony stimulating factor (AlShami et al., 1998) .
Suppressor of cytokine signaling (SOCS) are im portant negative feedback regulators of the JAK/STAT signaling pathway and have been recently investigated for their role in the development of various diseases. On the other hand, SOCS proteins have also been implicated in mediating the crosstalk between different cytokine signaling pathways (Shuai and Liu, 2003) . Genes of the SOCS family are transcriptionally activated via STAT mediated mechanisms. This negative feedback pathway tightly regulates the cytokineinduced activation of STAT genes. Moreover, the STAT proteins show differential responses to cytokines in different cells. Activation of STAT proteins leads to the induction or stimulation of the expression of a variety of genes that participate in tissue injury, inflammation, and immune response processes (Starr et al., 1997) . This study indicates a possible role of the JAK/STAT pathway in the signaling mechanism of chicken CD8α1 in immune cells such as the T cell line, B cell line, CD4 + T cells, and CD8 + T cells.
To gain further understanding of the function of CD8α1 as an immunoregulatory molecule, we evalu ated the effect of CD8α1 on activation of growth fac tors and chemokines in the immune cells. Quantitative reverse transcriptionPCR analysis was performed for 12 cytokine genes LITAF, and TGFβ4) and 4 chemokine genes (CCL4, CCL5, CXCL13, and CXCL14) in immune cells. The expression levels of the IL-4, , and LITAF genes were more highly increased in CD8 + T cells than in other cells. Moreover, the mRNA expression levels of the Treg cytokines TGF-β4 and IL-10 were similar in all of the immune cells following treatment with CD8α1, whereas levels of the Th 17 cytokines IL17A and IL17F were significantly higher in all T cells. Therefore, CD8α1 may act as an immunoregulatory molecule to upregu late the expression of MHC molecules and activate the JAK-STAT signaling pathway. The subsequent activa tion of STAT genes can, in turn, lead to the activation of additional growth factors and chemokines.
In conclusion, this is the first report of the cloning, structural analysis, and functional characterization of the novel CD8α variant CD8α1 in chicken. The results indicate that the CD8α1 gene is indeed part of the CD8α family but shows differences with respect to expression, structure, and function. Furthermore, we provide strong support for the orientation of CD8α1 to MHC class I and II proteins as well as its possible role in regulating the JAK/STAT signaling pathway in immune cells.
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